Abstract-Spin torque oscillators (STOs) can be viewed as current-controlled oscillators. Oscillations start if the current exceeds some critical value-threshold current. A low critical current is required to achieve a high output power. Recently, the critical current was reduced to as low as 0.1 mA [1]-[3] and STO majority gate was proposed. To operate STO logic, an mV-level voltage source with output current greater than the critical current (0.1 mA), and very low impedance (< 50 ) is needed. This paper proposes power supplies that use microthermoelectric generators (μTEGs) to convert heat into electric power. A complete analytical μTEG model was developed that includes all the relevant physical effects. This model is used to predict power and perform geometry optimization to maximize thermal energy conversion. We propose metallic thermocouples to realize the low impedance source and connect them electrically in parallel to deliver sufficient current. The proposed μTEG consists of four thermocouples connected in parallel both thermally and electrically. Thermo-legs are homogeneous and thermally isolated with a thermal isolation cavity to minimize heat leakage. Simulations with a 30-K temperature drop across μTEGs showed that the proposed structure can potentially integrate ∼ 50 000 μTEGs/cm 2 and efficiently harvest heat to supply new STO logic.
I. INTRODUCTION

S
PIN torque oscillators (STOs) are nanodevices with a structure similar to that of spin-transfer torque (STT) magnetic random access memory. STOs operate in a nonzero magnetic field. The magnetic field favors parallel alignment of the free and fixed layers while spin torque favors antiparallel alignment. These competing interactions lead to the free-layer precession under dc bias. It was shown that a phase-locking regime occurs in an array of the magnetic STOs driven by spin-polarized current [4] - [6] . When electrons flow through tunneling/giant magnetoresistance (TMR/GMR), they become spin-polarized by the first magnetic layer. Thereafter, the interplay between the spin-polarized current and the second magnetic layer manifests itself via the GMR/TMR effect and STT effect. Phase-locking phenomenon can lead to a regime in which all STOs are generating microwave oscillations with the same frequency and phase, and coherent addition of microwave power generated by individual STOs is possible. The free-layer precession starts above a critical current and the frequency of STO depends on the current.
A ferromagnetic metal nanowire as a common free layer with several injectors of spin-polarized current constitutes STO. The free layer provides an efficient coupling between the oscillators due to a low energy dissipation and slow geometric decay caused by a propagation of spin waves [4] , [5] , [7] . The input frequencies (f 1 , f 2 , f 3 ) are generated by direct input current as shown in Fig. 1 . In the phase-locking regime, the output frequency f out is determined by the majority (MAJ) of the input frequencies [6] . This structure is suitable for MAJ logic, as proposed in [8] , where logic function is realized in the frequency domain.
One of the key challenges with STO logic is the generation of dc voltage, which meets the application requirements and is realized at a micrometer scale (typical STO dimensions are shown in Fig. 2) . The mV-level dc voltage is needed, dictated by the output current greater than the critical current (0.1 mA), and very low impedance (∼ 10 ) of the GMR STO. Given the voltage and current levels, the output power is in the microwatt range. The conventional voltage supplies, such as batteries or electromechanical generators, are infeasible 0018-9383 © 2013 IEEE for such requirements, because each STO pillar requires an independent mV-level dc source realized at micrometer scale.
A nonconventional low-voltage, low-resistance power supply (1-2 mV, 0.1 mA) is needed. A promising candidate for this type of supply is energy harvesting, such as microthermoelectric generator (μTEG), which converts heat into electrical power. Previous work on this topic considered μTEG composed of a large number of thermocouples connected thermally in parallel and electrically in series to achieve better conversion of temperature gradient into voltage [9] . Semiconductors such as polysilicon were mainly used for the thermocouple material, which gives a high impedance of the voltage source. A μTEG that is composed of semiconductor thermocouples connected in series has intrinsic impedance in the M range, which gives low output current. While this high impedance is suitable for CMOS, it cannot be used for STOs. To satisfy STO requirements for a source voltage and output current, metallic thermocouples have to be used to achieve lower source impedance. Impedance of one metallic thermocouple is in the range of 10-50 , which is considered as low-impedance source. Thermocouples need to be connected electrically in parallel to further reduce the impedance and increase the current. A large number of sources (cells), one per STO input, have to be integrated. Therefore, we use metallic μTEG as a power source for GMR. The design and geometry of a microscale metallic TEGs is largely unknown due to the lack of analytical optimization-friendly models that capture necessary physical effects. This paper proposes an analytical physics-based model of metallic μTEG and discusses the design that meets the application requirements for STO logic.
II. μTEG MODEL
To gain insight into μTEG, a compact physics-based model that includes the Peltier heat, the Joule heat as well as all thermal and electrical resistances, is needed. This model will allow us to investigate the influence of the heat source and heat sink conditions and the load resistance on the output power. The thermal model will aid in TEG geometry optimization that maximizes output power of the generator while meeting the current and voltage constraints.
Because of the thermoelectric Seebeck effect, a temperature difference between the two ends of a bar made of a conducting or semiconducting material leads to a voltage generated over the bar. A thermocouple is made of two thermoelectric bars that are made of different materials, and joined at one end, as shown in Fig. 3 . A voltage, the thermoelectric electromotive force, is created in the presence of a temperature difference between these two materials. This causes a continuous current in the conductors if they form a loop. The voltage is proportional to the junction temperature difference T g and to the difference between the Seebeck coefficients S = S 1 − S 2 , and U 0 = S T g . In previous works [9] - [12] , [16] - [18] , [22] - [24] thermocouples were made of semiconductors and connected electrically in series to obtain higher output power and voltage.
Assumptions: A μTEG is composed of n thermocouples connected in parallel both thermally and electrically. Thermolegs are homogeneous and thermally isolated from the surrounding, except at the junction-reservoir contacts [9] . We use the thermal isolation cavity beneath the thermocouples and oxide (isolator) above them to minimize heat leakage, as shown in Fig. 4 . The heat enters the top side, flows through junction contacts and onward through the thermo-legs. The generating performance of a μTEG is primarily evaluated in terms of its output power and conversion efficiency. More power at the output means more current for a fixed voltage provided for a single STO. To operate at the maximum electrical output power P out , we have to match the electrical impedances in such a way that the electrical resistance of the generator R g is equal to the electrical resistance of the load (in our case GMR)
where R g is the electrical resistance of the generator and R cc is the contact resistance at the hot and cold side- Fig. 4 . Output power is the objective function in our optimization process. The goal is to maximize output power. The constraints are voltage and output current of the μTEG, which implicitly impose low source impedance requirement
Variables:
Tuning variables are material type and geometry that includes length (L), width (W ) and thickness (t) of the thermo-legs, as well as junction areas ( A c/h )
The thermal (K ) and electrical (R) resistances in (2)- (4) are determined by the thermo-leg geometry, which includes length (L), width (W ), thickness (t), area (A), as well as thermal (k) and electrical (σ ) conductivities. The subscripts 1, 2, g, h, and c refer to the first and second thermo-leg, generator, hot and cold side, respectively. An efficient thermoelectric generator should be made of thermoelectric materials having a large combined Seebeck coefficient, a low electrical resistivity and a low thermal conductivity. The best theoretical choice in terms of high thermoelectric power is Antimony-Constantan pair with Seebeck coefficient S = 82 μV/K and resistivity 0.5 μ m and 0.413 μ m, respectively.
Since we are dealing with small voltages and contact dimensions that are in the μm range, maintaining low contact resistance is important since it affects equivalent μTEG impedance and can significantly reduce output current and power. For precise calculation, it is necessary to measure the contact resistance. Methods for drastically reduced contact resistance (electron-beam sintering) and its measurement results are presented in [13] . For the purposes of simulation and optimization, we take the worst case approximationthat contact resistance is linearly proportional to the contact area and material-dependent constant for small contact areas. Contact resistance slowly saturates for bigger contact areas and above the specific dimensions behaves inversely proportional to contact area. To derive expression for the maximum output power, as a function of materials, and design parameters, T g has to be determined. In a generator with n thermocouples connected in parallel, thermal resistance of the hot side, thermo-legs, and cold side can be modeled by a thermal circuit represented by K h , K g , and K c , respectively.
Analytical Model and Insight: The main physical effects taking place in a μTEG are thermal conduction, Seebeck, Peltier, Thomson, and Joule effects. We use these phenomena with a nonequilibrium thermodynamics to describe the heat flow through μTEG to calculate an effective temperature drop T g across the thermo-legs. Knowing of T g is crucial for calculating output power and optimizing the structure. It is assumed that the thermo-leg elements are homogenous and thermally and electrically insulated from the surrounding, except at the junction-reservoir contacts. The general μTEG equations can be written as follows [11] , [14] - [18] :
where relations (6) and (7) show the Joule power released by μTEG and output power delivered to the load, respectively. U 0 describes the μTEG voltage, S = S 1 − S 2 is the Seebeck coefficient, T g = T h − T c is the temperature difference at the thermocouples, R 1 is the load resistance, I is the electric current, and q h and q c are the heat flux between the electrical junctions and the heat source and heat sink. K h and K c are the thermal resistances between the thermocouples and the heat source, heat sink, respectively. The inner resistance R g is the sum of the resistance R g of the legs and the contact resistance R c at the hot and cold side. L 1,2 and k 1,2 are the length and thermal conductance of the legs.
The energy balances for the cold/hot side, which include the heat contributions by the Joule heating and the Peltier effect, are given by (8) and (9) for the heat flow q h entering the hot junction and the heat flow q c leaving the cold junction. T (x) is the temperature as a function of the position x
According to the nonequilibrium thermodynamics [10] , [15] , [19] the temperature distribution T (x), in the conductor, in the presence of an electric current I is given by
for the two thermo-legs. τ 1,2 and R 1,2 are the Thomson coefficient and the electrical resistance of the legs, respectively.
Defining the boundary conditions as
and assuming τ 1,2 is temperature independent, the secondorder differential equations (10) and (11) can be solved as in [14] , [25] yielding
Using the temperature distributions form (14) and (15), with τ = τ 2 − τ 1 , we can calculate the electrical current [11] , [17] , [18] as
Inserting (14)- (16) into (8) and (9) 
The total temperature drop T is assumed to be given. The generator is sandwiched between resistors with thermal resistances K h and K c at the hot and cold side, respectively. The individual temperature drops have to be added and can be expressed in terms of the corresponding heat currents q h and q c . Therefore, the relationship between T g and T = T 1 − T 0 is given by thermoelectric relation [11] , [14] 
Inserting (17) and (18) into (19) and taking only the firstorder terms (which is sufficient in terms of the accuracy of the solution) in T g , we get
Fig . 5 shows the equivalent thermoelectric circuit that includes Peltier effect (sources on the left) and Joule heat (sources on the right) [14] , [17] , [18] . Thermal resistances of the hot/cold side are the key contributors to the temperature drop.
The temperature difference T g = T h − T c at the thermocouples is affected by the thermal resistances, the Peltier and Thomson effect, and the Joule heat, as in (20) . Higher orders in T g can be determined in the same manner.
Thomson effect describes the heating or cooling of a current-carrying conductor with temperature gradient. For Antimony-Constantan pair Thomson coefficients are nonzero, but the influence of Thomson's effect for a small current becomes negligible compared with the other two thermoelectric effects [20] .
Therefore, neglecting Thomson effect (setting τ = 0), (20) can be reduced precisely to a cubic equation of the form Furthermore, we consider load matching (R 1 = R g )
Solving the cubic equation (21) (Cardano's formula) [9] , we get only one solution that is of physical significance (other two solutions are either negative or complex-conjugate pair)
where a, p, and q are the parameters derived from input variables-thermocouples geometry, material properties, and temperature of the environment, respectively. This relation is important because it reveals that knowing the material properties and geometry of μTEG, distribution of T g is uniquely specified. Further, maximizing T g by varying the geometry, we maximize the output power according to (1) . We can see that the effective temperature drop is strongly nonlinear function of its parameters. From (25), we conclude that T g is directly proportional to μTEG resistance and is very sensitive to the material-dependent thermal conductivities. Therefore, selection of the materials for μTEG is an important design step.
Based on this result, next section presents a methodology for an optimal μTEG design.
III. OPTIMAL μTEG DESIGN
A process of making thermocouples connected thermally in parallel is explained in [9] . In-plane thermocouples were used in which the heat input from the top surface is confined to pass through the in-plane thermo-legs. The proposed use of thermal isolation cavity beneath the thermocouples minimized the heat leakage and improved heat-to-electrical conversion. It was shown that using suitable cavity depth can enable > 99% of temperature gradient drop onto the thermocouple (maximizing P out ) and efficiently suppress heat leakage. We use the power factor, ϕ p = P out /A T 2 , to evaluate the generator performance in terms of generated power and effective area occupied by the structure. The higher the power factor value, the better is the efficiency thermoelectric conversion from heat into electricity. Beside the power factor, other metrics for our μTEG, are the generated output power and the output current. Starting point in our optimization is one μTEG (no parallelism). Fig. 6 shows the output current and power for different lengths and widths of the thermo-legs. The output current is very low no matter what geometry of legs was used. A minimum required current (> 0.1 mA) is about three times larger than of a single TEG, suggesting that parallelism is needed to meet this current requirement.
To satisfy voltage and current source requirements, we connected four thermocouples electrically in parallel as shown in Fig. 7 , and also thermally in parallel as explained in [9] . Higher parallelism can give better results, but one of the goals is to keep the area minimum while meeting the specifications, so that we can fabricate more cells for our STO gates.
Simulation results show that our μTEGs, beside lengths and widths of thermo-legs, are especially sensitive to hot/cold contact areas. To gain more insight into this sensitivity, the power map for our μTEG is shown in Fig. 8 . At small lengths, output power quickly increases with width and saturates with further increase in contact area. Analyzing (1), (20) , and (25) points to the same conclusion. Very small contact area means high thermal resistances, poor heat flow, and-low output power. With increasing contact area, more power is delivered to the thermo-legs which results in higher effective drop, T g . At some point (optimal design), the influence of the inner μTEG resistance R g significantly affects T g as in (25) and output power starts to saturate, with further increase of the contact area. It is noticed (Fig. 8 ) that changing the contact areas in 12-40 μm range corresponds to a 10% change in output power. Having this in mind, we chose the smallest contact area as the optimal point. Fig. 9 reveals the optimal geometry for the proposed four-way parallel design. The contour plots of output power [ Fig. 9(a) ] and current [ Fig. 9(b) ] show that certain ranges for each thermocouple width satisfy the current requirement. Points that meet power and current requirements are encircled in these graphs. Among them, points with maximum output power (W g = 6 μm) have been considered further-[ Fig. 9(d) ]. Also, plot of output power [ Fig. 9(d) ] verifies that generated power is in the microwatt range and exhibits a geometry-dependent maximum. Keeping the area of structure minimum makes it possible producing a large number of μTEGs at a limited space.
The regions away from the maximums in Fig. 9 show resistance mismatch, where either T g or thermal flow is too low for thermoelectric conversion. In a multivariable optimization, improvement in one output parameter can cause deterioration of others (e.g. wider legs = lower current, but higher voltage), so we need to carefully revisit our requirements and choose the most suitable solution. Table I shows the length for each chosen leg width in terms of maximum output power, subject to current/voltage constraints. The optimal design in terms of output power, which satisfies requirements, is L g = 20 μm and W g = 6 μm (we assume the same widths and lengths of the thermo-legs), because it gives the highest output power. The power maximum is quite broad, however, so solutions with lower area are used. Simulation assumed 30 K temperature drop applied on the μTEG. With these parameters we can potentially build a large number (4-6 × 10 4 ) of μTEGs in 1 cm 2 . We assumed temperature gradient was T = 30 K, with hot side T 1 = 320 K, and cold side is T 2 = 290 K. Cavity depth is 10 μm. A parallel connection of thermocouples should use a metal with small electrical resistivity (e.g., aluminum ρ Al = 28 n m). All other important process and structure properties can be found in [9] - [11] .
IV. DISCUSSION
To evaluate the sensitivity of our design to thermal fluctuations, we simulated behavior of an optimized μTEG under temperature variation of ± 2.5 K. With temperature fluctuations in this range, standard deviation and mean value of output current are calculated to be 7.4 μA and 0.132 mA, respectively. Fig. 10 shows the output current and power fluctuations. The plots show an insignificant change in output power and output current, so our structure is robust to small temperature fluctuations. Exposing the structure to higher temperature fluctuations (± 15% of applied temperature drop) causes abrupt and fast decaying in generated output power and current. Our thermal model is more complete, because it involves all thermodynamically relevant effects. As such, it gives more accurate insight into microscale power generation. Previous works neglected to incorporate the contact resistance into the model, which has a big effect on output power. The impact of contact resistance, which is covered in our model, is shown in Fig. 11 . The data shows that contact resistance significantly contributes to power factor and output power when the dimensions of the structure are small. One of the main reasons for such behavior is that internal impedance of the structure is comparable with contact resistance. Also, metallic thermo-legs establish current path only through metals (power source + STO GMRs) and avoid developing blocking Schottky contacts at previously proposed semiconductor-metal junctions.
The three most significant variables which are used in the optimization process are length, width of thermo-legs, and the contact areas. This paper proposes the use of parallel μTEG structure to increase the output current and meet the impedance constraints. The obtained results should be experimentally verified. Development of this kind of energy harvester, with isolation cavity, is thoroughly explained in [9] . To achieve low source impedance, we recommend the use of metallic thermolegs.
As a first step toward low-impedance low-voltage μTEG, it is necessary to accurately measure the contact resistance for the suggested materials. We should also be careful with material processing, because any increase in the electrical resistance due to fabrication can be the source of the μTEG device variations. By device variations, we consider any change in device resistance that can significantly reduce the thermoelectric power of μTEG and interfere with successful conversion of heat into electric power.
The fabrication process and proposed materials for μTEG design are CMOS compatible and suitable for practical implementation [9] , [12] .
The ultimate goal is the integration of μTEG layer in areas with a relatively high heat gradient. As a possible approach, consider μTEG integration between CMOS and STO logic layers as in Fig. 12 . The top layer consists of the proposed STO MAJ logic cells and bottom layer is the CMOS logic layer that generates heat for energy harvesting [21] . μTEG structures can be realized in the middle layer to turn the excess heat into electricity that powers STO logic.
V. CONCLUSION
One of the main challenges with STO logic is the generation of dc voltage, which meets the application requirements and is realized at micrometer scale. The requirements include the generation of mV-level voltage, output current greater than the critical current (0.1 mA), and very low impedance. The output power is in the microwatt range. In this paper, we proposed power supplies based on energy harvesting using μTEG to convert heat into electric power. To satisfy the requirements, we use metallic thermocouples for lower impedance source and connect them electrically in parallel. The proposed μTEG consists of four thermocouples connected in parallel both thermally and electrically. Thermo-legs are homogeneous and thermally isolated with a thermal isolation cavity beneath the thermocouples and oxide (isolator) above them to minimize heat leakage. This structure was designed based on physicsbased analytical model that also includes the impact of contact resistances. Analysis of power factor, P 0 /A T 2 , and output current revealed optimal length/width that maximize output power while satisfying the current/voltage constraints. Simulation was characterized for 30-K temperature drop applied on the μTEG. With parameters highlighted in the Table II , we can potentially build ∼ 50 000 μTEGs per cm 2 and efficiently exploit rejected heat to supply new STO logic. This number of μTEGs in cm 2 is sufficient to supply 100 64-b full adders in STO logic. Therefore, μTEGs represent promising candidate for STO supplies.
